Abstract-The most common type of photovoltaic (PV) installation in residential applications is the centralized architecture. This realization aggregates a number of solar panels into a single power converter for power processing. The performance of a centralized architecture is adversely affected when it is subject to partial shading effects due to clouds or surrounding obstacles, such as trees. An alternative modular approach can be implemented using several power converters with partial throughput power processing capability. This paper presents a detailed study of these two architectures for the same throughput power level. The study compares the overall efficiency of these two different topologies, using a set of rapidly-changing real solar irradiance data collected by the Solar Radiation Research Laboratory (SRRL) at the National Renewable Energy Laboratory (NREL). This provides an opportunity to study both schemes using real measured data. The output power of both the topology is compared against the panel ideal power. Hence, the efficiency is overall in nature. The electrical efficiency is another form of computation which uses the panel maximum available power as input instead of panel ideal power. The paper uses overall efficiency for all analysis. The buck converter along with the Perturb & Observe maximum power point tracking algorithm were selected to perform the study. A detail power loss analysis is also presented in the paper. Analytical results are validated through detailed computer simulations using the Matlab/Simulink mathematical software package.
I. INTRODUCTION
A centralized PV park scheme is composed of a number of series-connected modules connected in parallel to match the load requirements. This scheme is very popular for residential applications. Shading [1] , usually in the form of clouds or trees, causes the system overall efficiency to drop significantly. The modular architecture, which is commonly known as "converter per panel," has some distinctive advantages over the centralized type. Among the various converter topologies [1] , it has been found that the dc/dc buck realization can always deliver any combination of panel power. It has also been demonstrated that modular maximum power point tracking (MPPT) algorithms have resulted in a net overall efficiency gain of up to 25% [2] . Thus, the "converter per panel" technique is the most convincing way of dealing with time varying environmental conditions. This is particularly true for installations in urban environments. The use of a series type dc/dc converter on each panel allows the PV voltage to be individually optimized for peak power tracking. However, the actual power savings of an experimental modular can be a challenging task to calculate under realistic conditions. The results are highly sensitive to the accuracy of the proposed dc/dc converter topology and the solar irradiation pattern. The losses in the dc/dc converter needs to be minimized and extra design consideration will be required to improve the overall efficiency. This paper presents a comparative study between centralized and modular architectures. For an actual implementation, adequate communication architecture would be needed for proper synchronization of the various modules. However, this is out of the scope of this paper. The rest of the paper is organized as follows. Section II highlights the main features of PV modules. In Section III details are provided for the formation of PV arrays given the experimental data available. The maximum power point tracking used in this paper is described in Section IV, followed by details on the case study in Section V. Section VI and Section VII discuss the comparative study, and the conclusions of Section VIII close the paper.
II. PV MODULE STUDY
Solar panels are composed of a number of cells and each solar cell can be treated as a semiconductor of a P-N junction, which converts solar energy into electrical energy. The basic PV module [2] - [6] is shown in Fig. 1 . This module is commonly known as a "single diode model." The overall Voltage-Current (V-I) characteristics of the PV module can be described by the following equation:
where SC is short circuit current proportional to the solar irradiance (G), 0 is the reverse saturation current, is the electronic charge, is the Boltzmann constant, is the ideality factor, is the cell temperature, S is the cell series resistance, and P is the cell parallel resistance. Equation (1) can be solved by an iterative process. Several papers [6] , [7] propose different methods of solving (1) . The initial value [8] of cell parallel resistance P can be chosen as,
where
is the panel open circuit voltage. In (3) , is the open circuit voltage temperature coefficient. A detailed simulation was developed using Matlab/Simulink to model single-diode solar cell and also used to create V-I and power voltage (P-V) characteristics. Figs. 2 and 3 illustrate the V-I and P-V characteristics under five different levels of irradiance. These characteristics closely match with manufacturer provided curves. The temperature effects are not shown in this study. As it can be seen from these figures, there is only one voltage and current at the point of maximum power. In this study, the SQ150-PC solar module manufactured by Shell was selected as the PV power source. The specification of the SQ150-PC [9] is shown in Table I . The panel has 72 cells connected in series.
III. CREATION OF SOLAR ARRAY
In real scenarios, PV panels are usually connected in series, parallel, or a combination of series and parallel to achieve the desired power level. The U.S. Department of Energy's National Renewable Energy Laboratory (NREL) has produced and made available a rich data set showing the second-bysecond effect that clouds play in irradiation over a solar power installation in 17 different stations over the course of a year near Hawaii's Honolulu International Airport on the island of Oahu. The data set can be of great help in understanding the cloud effect, as stated before, on mostly large-scale PV installations. All 17 stations make a measurement once every second exactly the same time for 700 seconds. This allows the array to "see" clouds moving through and simulates how a PV system might behave. Each station has 30 grids and each grid can be represented by a 25m by 25m area. For this paper, only the first six grids of station 1 were used for simulation. Fig. 4 shows the irradiation patterns for the first six grids of Station 1 over 700 seconds.
To create a grid from a SQ150-PC panel, 31 panels were connected in series to make a string. Then 15 such strings were connected in parallel to create one 25m by 25m grid. Each SQ150-PC has 72 cells connected in series. Each cell is 125mm by 125mm. Each grid is capable of producing 69.75kW at standard conditions. The peak power voltage of each array is 1054V and peak power current of 66A. The total number of panels used in one grid is 465 (i.e., 31 × 15). Fig.  5 shows a creation of one grid using method described above.
IV. DC/DC CONVERTER AND MPPT
A dc/dc converter converts one level of dc voltage into another. Buck, boost, and buck-boost [10] are three basic types of converters which can be used in PV application. The buck converter steps down the input voltage so that output voltage is always less than the input voltage, whereas the boost converter steps up input dc voltage so that output voltage is always greater than the input voltage. Buck-boost is a type of converter that has an output voltage magnitude that is either greater than or less than the input voltage magnitude. Thus, this type of converter has a wide operating range but is somewhat costly to implement. This paper required the buck topology as output voltage is always less than input voltage. Under a wide range of solar irradiation variation, the maximum power point is always located inside the operating region of the buck converter [10] , so this point can be tracked independently. Fig. 6 shows generic representation of buck converter which is represented by two semiconductor devices and three passive components and a voltage source. The voltage source represents the output voltage of the solar array. Equations (4) and (5) describe the buck converter operation when operating in continuous conduction mode (CCM). The losses were neglected in this case and were based on the average model [11] :
where is the transistor duty ratio, is the output voltage, in is the input voltage, in is the input current, and is the output current. In a buck converter, there is no mismatch in current between the series connected modules because the current is boosted instead of the voltage. MPPT algorithms are used to track the peak power of PV arrays. The Perturb & Observe (P&O) method is the simplest form of the MPPT algorithm. There are several other methods available today for implementation of MPPT. The incremental conductance (IC) method, the artificial neural network method, and the fuzzy logic method are a few of these methods used in the perturbation of duty cycle of power converter to drive the operating current/voltage of the PV array. In this study, the buck converter with MPPT was chosen to extract maximum power from the arrays. The algorithm chosen was the P&O [12] type. The MPPT is subjected to generate the reference input current to maximize the input power delivered to the buck converter. The detail flow chart of the process is summarized in Fig. 7 . It is the purpose of the MPPT system to sample the output of the PV panel and synthesize a proper duty cycle to obtain maximum power for any given irradiance. In this method, the controller adjusts the input current by a small amount from the array and measures power and if the power increases, further adjustments in that direction are tried until power no longer increases.
V. STUDY OF CENTRALIZED ARCHITECTURE
Centralized architecture is the most common type [12] for residential installations. Fig. 8 shows typical centralized architecture where only one dc/dc converter is used to boost voltage or current. For this paper, six PV arrays connected in series were used to study a simulated environment. As previously stated, real irradiance data were used to perform the analysis. Each array consisted of 465 panels. Array 1 was treated as the first grid, Array 2 as the second grid, and so on. The radiation pattern for each array or grid is shown in Fig.  4 .
The output voltage of the buck converter (Fig. 6 ) was set to 800V. The average overall efficiency was 12.76% with an average dc power of 363kW. The average ideal power was 2.8475MW which can be computed as:
where C is the surface area of the PV array. The average maximum available power from the system was 377.57kW. The system was also subjected to conduction losses in the inductor, diode, and the transistor. The switching losses were also considered for simulation purposes. The detail analysis is presented in Section VII.
VI. STUDY OF MODULAR ARCHITECTURE AND COMPARISON
This architecture has a "converter per panel" approach where each grid has a separate dc/dc converter for an individual MPP tracker. Fig. 9 shows a general layout of modular architecture where each array has separate dc/dc converter with MPPT. These dc/dc converters transfer the power generated by a PV grid to a constant dc bus. One of the major drawbacks of PV systems [13] is represented by the effect of module mismatching and of partial shading of the PV field in centralized architecture.
Modular scheme is a very promising technique that allows for an increase in overall efficiency and reliability of such systems. To prevent a mismatching effect, bypass diodes are usually placed in antiparallel fashion. The disadvantage of this is that it creates a power versus voltage curve multimodal as previously stated. Due to the series connection of the individual arrays, the output voltage of an individual array [13] can be found as follows:
where i is the individual array voltage, i is the individual array power, t is the total system power, and t is the total system voltage. The advantages of the converter per panel [14] approach are better utilization on a per module basis, possible mixing of different sources, better protection of power sources, system redundancy, and better data gathering. Manufacturers have reported that eliminating electrolytic capacitors from their designs helps to increase the overall efficiency of the system. Thus, modular has a good potential for overall efficiency improvements when implemented correctly. The power ratio [15] determines the improvement over Centralized MPPT (CMPPT), which is defined as the ratio between the powers obtained using modular scheme and CMPPT:
The ratio must be greater than one for modular scheme to work. Predicting the actual energy of modular scheme requires knowing the time profile irradiation among the arrays and the power ratio. It was shown in several papers that modular architecture can result in up to 25% power savings compared to standard MPPT, which depends on the standard deviation in incident light. Each module with tracker is individually optimized to get maximum power from the grid [13] . The objective here is to extract maximum power while achieving the output dc Voltage of 800V as in the previous case. All six grids with dc/dc converters are connected in series. Therefore, each converter is required to operate at a certain dc output voltage based on its maximum operating power. The output dc current is the same for the entire converter since converters are connected in series. The output voltage profile of each array is shown in Fig. 10 . The output voltage of each grid or array is proportional to its irradiation level at particular time. Furthermore, it has been noticed that at any time the output voltage after the dc/dc converter is always 800V as expected. Fig.11 and Fig.12 show output power and overall efficiency plots for duration of 700 seconds. The maximum available overall efficiency was 13.25%. Overall efficiency for modular scheme was 13.24% with dc output power equaling 377.01kW. The total output powers were almost identical with the maximum available power up to time equals 500 seconds, as the irradiance was almost equal for all grids as seen from Fig. 4 . Centralized topology started losing track from the 500-second point until it hit 670 seconds. This suggests that the higher the variances in irradiance, the greater the power differences between CMPPT and modular architecture. Hence, the variance in irradiations was wide enough to affect system overall efficiency. The calculated mean power ratio ( P ) was found to be 1.0373. Fig. 11 . Ideal, Maximum, CMPPT, Modular power plots over 700 seconds using per unit values (pu). The base power for ideal case is 2.2MW and for Maximum, CMPPT, and modular schemes it is 450kW. Actual power is a product of its pu value × base power.
VII. LOSS ANALYSIS
For loss analysis in centralized topology, the 6.5kV, 750A Insulated Gate Bipolar Transistor (IGBT) MBN750H65E2 and the 6.5kV, 600A power diode were selected as semiconductor switches. The switching frequency for the 363.44kW centralized and modular systems was chosen to be 5kHz. The losses were comprised of two parts: conduction loss and switching loss. The conduction losses consisted of semiconductor losses and losses due to equivalent series resistance in the inductor. Of course, high switching frequency results in high switching losses.
The equations governing losses for IGBT [16] are summarized below in (9) and (10) . It is assumed that buck converter operates in continuous conduction mode (CCM).
The parameters from corresponding datasheets were used for analysis purposes to match with actual scenarios. The same waveform was used to calculate root mean square (RMS) value of current.
In (9) and (10) t , ce , c , c , crms , out , on , off , sw , 0 , , and ripple stand for total power loss, IGBT saturation voltage, average current of IGBT, emitter on-state resistance, RMS value of collector current, output voltage, turn-on time, turn-off time, switching frequency, average IGBT current, duty cycle, and ripple factor respectively. The power loss due to inductor series resistance (ESR) is lumped to 0.8% of average power. The losses in a freewheeling diode can be summarized as
where d = (1 − ) 0 and
with 1 = 0 and 2 = 0 − 2(ripple). In the above equations,
, drms , rr , and in stand for total power loss, diode forward voltage drop, average diode current, diode turn on resistance, RMS value of diode current, reverse recovery charge, and input voltage respectively. For modular topology, the 1.2kV 600A IGBT CM600HA-24H and the 1.2kV 600A fast recovery diode QRS1260T30 were chosen for study. The power loss due to inductor series resistance is again lumped to 0.8% of average output power as in previous case. Therefore, the total losses are the sum of IGBT, diode, and series inductor resistance losses for each module. The above equations were implemented in Matlab. The losses were calculated on the assumption that the converter stays on continuous conduction mode all the time. The switching loss is dominant at the chosen switching frequency of 5kHz. Fig. 13 shows net power plots of centralized and modular architectures over 700 seconds. It can be seen that modular scheme generates more power than centralized scheme. The overall efficiency for centralized scheme was found to be 11.40% whereas for modular scheme it came out to be 12.63%. The net gain in overall efficiency going from CMPPT to modular was 1.23%. Losses due to capacitive elements were neglected in this analysis. To minimize capacitor losses, ceramic type capacitors of very little equivalent series resistance could be used. VIII. CONCLUSION This paper has discussed comparisons between centralized and modular topologies using dc/dc converters. The modular architecture has resulted in more overall efficiency than its counterpart CMPPT under shading conditions such as clouds. It has been noticed that P&O fails to track the maximum power under a sharp change in irradiation patterns even in the case of modular topology. However, as shown in the trace of solar irradiance for 700 seconds, the sharp changes only occurs for a very short duration, once the solar irradiance settles to a new value, the MPPT will stabilize to new operating point. The standard temperature condition of 25 o C has been considered for irradiation data. Note that the change in temperature will not likely to affect the function of MPPT because the power electronics operates much faster than the weather or temperature change. The actual temperature condition was not well known at the time of study. The buck type converter has been used in this study and another option is to use synchronous buck converter to increase overall efficiency. The dc/dc converter is based on average model and we get satisfactory results from simulation. The losses have been modeled and quantify using Matlab/Simulink. The conduction and switching losses are based on datasheet parameters and are based on converter operating in continuous conduction mode all the time. The future study should include analysis using discontinuous conduction mode (DCM) which helps to further reduce the losses.
